Spatially indirect Type-II band alignment in magnetically-doped quantum dot (QD) structures provides unexplored opportunities to control the magnetic interaction between carrier wavefunction in the QD and magnetic impurities. Unlike the extensively studied, spatially direct, QDs with Type-I band alignment where both electrons and holes are confined in the QD, in ZnTe QDs embedded in a (Zn,Mn)Se matrix only the holes are confined in the QDs. Photoexcitation with photon energy 3.06 eV (2.54 eV) generates electron-hole pairs predominantly in the (Zn,Mn)Se matrix (ZnTe QDs). The photoluminescence (PL) at 7 K in the presence of an external magnetic field exhibits an up to three-fold increase in the saturation red shift with the 2.54 eV excitation compared to the shift observed with 3.06 eV excitation. This unexpected result is attributed to multiple hole occupancy of the QD and the resulting increased penetration of the hole wavefunction tail further into the (Zn,Mn)Se matrix. The proposed model is supported by microscopic calculations which accurately include the role of hole-hole Coulomb interactions as well as the hole-Mn spin exchange interactions.
I. INTRODUCTION
Unlike metals, semiconductors have relatively low carrier densities that can be drastically changed by either doping or by applying a perturbation, such as gate voltage. Magnetic semiconductors, show important and potentially useful differences [1-3] compared to ferromagnetic metals. For example, if the magnetism in a magnetically doped semiconductor is mediated by carriers, changes in the carrier density may significantly alter the exchange interaction between the carrier spins and those of the magnetic impurities. By changing the number of carriers using light excitation or by applying a gate voltage, it is possible to modify the effective strength of exchange coupling. When this effect is sufficient to turn ferromagnetism on or off, there arise intriguing possibilities for light-or bias-controlled ferromagnetism [4, 5] , not possible in conventional ferromagnetic metals [6] . Even an increase in temperature, which leads to a higher carrier density, can enhance exchange coupling between magnetic impurities and result in the onset of ferromagnetism at elevated temperatures [7] . Furthermore, such a temperature-enhanced magnetic ordering is not limited to a mean-field picture and persist even when the fluctuations are included [8] .
Epitaxially grown and colloidal semiconductor quantum dots allow for a versatile control of the number of carriers, their spins, and the quantum confinement which could lead to improved optical, transport, and magnetic properties as compared to their bulk counterparts [9] [10] [11] [12] [13] [14] . In contrast to bulk structures, adding a single carrier in a magnetic QD can have important ramifications. An extra carrier can both strongly change the total carrier spin and the onset of magnetization [14, 15] that can be further controlled by modifying the quantum confinement and the strength of Coulomb interactions [16, 17] . There is encouraging experimental progress in Mn-doped QDs, from the controlled inclusion of a single Mn impurity to the onset of magnetization at temperatures substantially higher than their bulk counterparts [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
Unlike the majority of experiments, carried out in Type-I band alignment QDs [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] where both electrons and holes are confined in the QD, we studied ZnTe QDs embedded in a (Zn,Mn)Se magnetic matrix with a Type-II band alignment where only holes are confined [34] .
The PL in this system is due to the recombination of holes confined in the ZnTe QDs with electrons which move outside the QD in the (Zn,Mn)Se magnetic matrix held by the electronhole Coulomb attraction. In the presence of a magnetic field applied perpendicular to the QD plane, the PL peak energy exhibits a red shift and the PL becomes strongly circularly polarized.
Both the peak energy and the circular polarization dependence on magnetic field follow a Brillouin-like behavior. Magnetic polarons (MPs) have been observed in this system for lower power excitation with 3.06 eV excitation (for which we have single hole occupancy) [34] . It was found that the MP formation energy decreases with increasing temperature and increasing magnetic field in agreement with results from similar systems [33] . The magnetic effects in our samples are due to the exchange interaction between the spins of the electrons and holes with the Mn spins (ferromagnetic interaction for electrons and antiferromagnetic interaction for the holes)
[1]. In this work, we demonstrate optical control of magnetic interaction by changing the hole wavefunction overlap with the magnetic impurities in the matrix using two different energies of the exciting laser photons. By changing the photon energy, we observe an up to three-fold increase of the PL saturation red shift induced by an external magnetic field. This effect can be viewed as the optical analog of the gate-controlled overlap between the carrier wavefunction and magnetic impurities in a quantum well [35, 36] . In the theoretical description, we included holehole Coulomb interactions, often neglected in dilute magnetic semiconductors [1-3]; these interactions push the tail of the hole wavefunction from the ZnTe QD into the Mn-doped matrix.
Further extension of the hole wavefunction is observed when the hole-Mn exchange is taken into account. The increased Mn-hole overlap is responsible for the observed higher PL saturation red shift.
II. EXPERIMENTAL
We have used two samples grown on GaAs substrates by molecular beam epitaxy (MBE) in this study [37] . The growth sequence using migration enhanced epitaxy was as follows: deposition of The experiments were carried out in the Faraday geometry with the emitted light propagating along the direction of the magnetic field applied along the normal to the QD plane. Either 3.06 eV ( λ = 405 nm) or 2.54 eV ( λ = 488 nm) photons were used to excite the photoluminescence.
Both laser lines were linearly polarized. The PL was collected and focused onto the entrance slit of a single monochromator and detected by a cooled multichannel charged coupled device (CCD) detector. A combination of quarter wave plate and linear analyzer was placed just before the spectrometer entrance slit to separate the two circularly polarized components (σ + and σ − ) of the luminescence.
III. RESULTS
In Fig. 1 (a) and Fig. 1(b) we show a schematic of the band diagram in ZnTe QDs embedded in a (Zn,Mn)Se matrix [37] . The band alignment is Type-II with the holes confined in the ZnTe QDs and the electrons orbiting around the QDs inside the (Zn,Mn)Se matrix as shown in Fig. 1(c) .
The magnetic effects in our samples originate from the exchange interactions of electron and hole spins with those of the Mn ions. The holes even though confined in the ZnTe QDs interact with the Mn ions through the hole wavefunction tail that penetrates into the (Zn,Mn)Se magnetic matrix. We point out that the exchange constant β between holes and Mn spins is 4-5 times larger than the corresponding exchange constant α that describes the electron-Mn spin
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is the intensity of the meV at B = 7 T. In this case, the fitted peak energy is indicated by blue open circles.
In Fig. 4 
IV. DISCUSSION
In this section we present a model with which we explain the difference in the red shifts under different laser photon energies. In Fig. 1(a) Fig. 1(a) by the dashed arrow. Once a hole is captured, it creates a repulsive Coulomb potential that prevents the capture of a second hole. In contrast, the 2.54 eV photon energy lies below the (Zn,Mn)Se bandgap and excites electron-hole pairs directly in the ZnTe QDs as shown in Fig. 1(b) . Under these conditions, we can have multiple occupancy of holes in the ZnTe QDs. This is supported by the spectra shown in Fig. 6 .
The PL spectrum excited using 2.54 eV excitation is blue shifted by 18.9 meV with respect to the spectrum under 3.06 eV excitation. This has been observed previously in Type-II QDs [38, 39] and has been attributed to the Coulomb charging and the QD state filling of the holes. The
Coulomb repulsion between holes occupying the same QD results in an extension of the hole wavefunction in the magnetic matrix which leads to an increase of the hole-Mn spin exchange energy; this results in the observed increase in the PL red shift with magnetic field. This model is in agreement with the results of a theoretical calculation which is discussed below.
We consider a QD occupied by two heavy holes and use a simple single-band model for two heavy holes of charge e and effective mass m * confined in the QD plane (x-y plane) by a parabolic potential described by an angular frequency 0 ω . We assume that a magnetic field B perpendicular to the QD plane is applied. The Hamiltonian of the two-hole system confined in ZnTe QDs embedded in a nonmagnetic ZnSe matrix is the sum of the kinetic energy, the harmonic confinement and the Coulomb interaction between the two holes: .
In our model we take the cylindrical surface of radius R cls and height h QD to be the boundary between the QD and the surrounding matrix. Our disk shaped QDs have a diameter greater than the height h QD ; as a result, there is a high anisotropy between z and x-y directions for heavy holes due to the spin-orbit interaction [27, 41, 42] . We now consider a system with magnetic (Zn,Mn)Se matrix. The exchange interaction between the heavy hole spins and N Mn manganese spins located outside the QD is described by an Ising-like Hamiltonian [43, 44] , 
where β is the hole-Mn exchange coupling constant, j is the Mn index, zi J is the z-component of the i'th heavy hole (pseudo) spin operator ( We diagonalize H 0 using the many-body basis and obtain the energies and wavefunctions of the heavy holes. The Hamiltonian matrix is constructed in the basis of Slater determinants of the single-particle (2D harmonic oscillator) wavefunctions normalized over the QD height. All matrix elements of ! are calculated analytically. To simulate the strong confinement of the holes in the dot, we consider a QD with a smaller classical radius than the average QD radius.
The hole localization diameter can be smaller than the QD diameter due to alloy and spin disorder scattering [34, 46, 47] . We assume a QD with an in-plane confinement of 
Non-magnetic matrix:
To explore the effect that the hole-hole Coulomb interaction has on the hole wavefunction, we first consider the QD embedded in a nonmagnetic matrix (x Mn = 0). The carrier density as a function of r is shown in Fig. 8(a) without Coulomb interaction (black, solid line) and with Coulomb interaction (red, dotted line). A hole density contour plot is illustrated in Fig. 8(b) when there is no Coulomb interaction. In Fig. 8(c) we show the same plot with the Coulomb interaction included. In the absence of this interaction, the holes are confined closer the QD center [ Fig. 8 (a) solid line and Fig. 8(b) ] with a 24% probability that the two heavy holes are outside R cls . When Coulomb interaction is included in the model [ Fig. 8 (a) dotted line and Fig.   8(c) ], there is a 32% probability that the holes are outside R cls . In simple terms, the two holes are pushed away from the QD center towards R cls due to their mutual repulsion. The increase in the carrier density outside R cls confirms that the Coulomb repulsion between holes results in an extension of their wavefunction outside R cls and into the (Zn,Mn)Se matrix.
Magnetic matrix:
We next turn to a QD with a magnetic matrix (x Mn ≠ 0). Figure 9 
